Allergic asthma is thought to stem largely from maladaptive T helper (Th)2 responses to inhaled allergens, which in turn lead to airway eosinophilia and airway hyperresponsiveness. However, many individuals with asthma have airway inflammation that is predominantly neutrophilic and resistant to treatment with inhaled glucocorticoids. An improved understanding of the molecular basis of this form of asthma might lead to improved strategies for its treatment. Here, we identify novel roles of the adaptor protein, TRIF, in neutrophilic responses to inhaled allergens. In different mouse models of asthma, Trif-deficient animals had marked reductions in interleukin (IL)-17, airway neutrophils, and airway hyperresponsiveness compared with WT mice, whereas airway eosinophils were generally similar in these two strains. Compared with lung dendritic cells (DCs) from WT mice, lung DCs from Trif-deficient mice displayed impaired LPS-induced migration to regional lymph nodes, lower levels of the costimulatory molecule, CD40, and produced smaller amounts of the Th17-promoting cytokines, IL-6 and IL-1β. When cultured with allergen-specific, naïve T cells, Trif-deficient lung DCs stimulated robust Th2 cell differentiation, but very weak Th1 and Th17 cell differentiation. Together, these findings reveal a TRIF-CD40-Th17 axis in the development of IL-17-associated, neutrophilic asthma.
Introduction
Asthma is a chronic disease of the airways characterized by inflammation, airway constriction and airway hyperresponsiveness (AHR). 1 Eosinophils are present in the airways of most humans with asthma, 2 and symptoms in these individuals are generally improved by inhaled corticosteroids, the standard treatment for mild to moderate asthma. 1 The accumulation of eosinophils in the airway is largely dependent on the actions of interleukin (IL)-5, which is produced by T helper (Th)2 cells. Th2 cells also produce IL-4 and IL-13, which promote the generation of immunoglubulin (Ig)E and mucus production, respectively. 3 Despite the well-established role of Th2 cells and eosinophils in asthma, many individuals have non-eosinophilic forms of the disease that are resistant to inhaled corticosteroids. [4] [5] [6] In some individuals, neutrophils are the major inflammatory cell type in the airway, and their increased number is associated with reduced lung function and unresponsiveness to inhaled steroids. [7] [8] [9] The presence of both neutrophils and eosinophils in the airway is associated with particularly low lung function and high utilization of health care resources. 10 Patients with neutrophilic forms of asthma represent an unmet clinical need, and it is critical to gain an improved understanding of the molecular basis of their disease. Several studies suggest that the actions of Th17 cells, which produce the cytokines IL-17A, IL-17F and IL-22, contribute to neutrophil recruitment and AHR. [11] [12] [13] [14] Th17 cytokines do not recruit neutrophils directly, but trigger airway epithelial cells to secrete neutrophil attracting chemokines, such as IL-8 in humans and CXCL5 in mice. 15 In addition, IL-17 can also act directly on smooth muscle to strengthen its contraction. 16 Intriguingly, Th17 cells are steroid resistant, 17 suggesting a possible explanation for the steroid resistance seen with neutrophilic asthma.
A large body of evidence has shown that lipopolysaccharide (LPS), a major component of the outer cell wall of Gram-negative bacteria, is a potent activator of Th17 responses, largely through its actions on DCs. [18] [19] [20] [21] This is also true in the airway, where inhaled LPS promotes very strong Th17 responses to co-inhaled ovalbumin (OVA). 22 Furthermore, when common house dust extracts (HDEs) containing LPS are used as an adjuvant, mice lacking toll-like receptor (TLR)4 develop weak Th17 responses, even though their Th2 responses remain strong. 23 Together, these data suggest that LPS in the environment might trigger Th17 responses to inhaled allergens, and in turn lead to a neutrophilic asthma. In support of this, some studies have shown that household levels of LPS are associated with an increased prevalence of asthma. 24, 25 although in farming communities exposure to microbial products can be protective. 26 Myeloid differentiation primary response gene 88 (MyD88) is a proximal adaptor protein utilized by all known TLRs with the exception of TLR3, which uses a different adaptor, TIR-domain-containing adapter-inducing interferon-β (TRIF). 27 TLR4 appears to be unique among TLRs in its ability to signal through both MyD88 and TRIF. A recent study of secreted proteins by LPS-stimulated macrophages revealed that, depending on the protein in question, MyD88 and TRIF can have redundant, synergistic or unique functions. 28 We reasoned that the potency of LPS as a Th17 inducing adjuvant might stem from the ability of TLR4 to signal through two different signaling pathways that are each required for robust Th17 development. MyD88 is required for the development of Th2 responses and asthmalike features in mice following LPS-mediated allergic sensitization through the airway, 29 but a role for TRIF in the development of Th2 or Th17 responses to inhaled allergens has not been reported. In the present study, we observed that TRIF is required the development of Th17-mediated neutrophilia, but not for Th2-mediated eosinophilia. In agreement with this observation, DCs prepared from the lungs of Trif −/− mice have a severely compromised ability to initiate Th17 responses, but are able to stimulate Th2 differentiation. Thus, TRIF has a unique and previously unrecognized role in lung DCs to direct Th17 responses to inhaled allergens.
Results

Requirement of TRIF for airway neutrophilia in mouse models of allergic asthma
Sterile house dust extracts (HDEs) represent an environmental source of adjuvants and allergens that humans inhale on an everyday basis. HDEs activate DCs in vitro 30 and elicit asthma-like features when instilled into the airways of mice. 23, 31 The adjuvant activity of HDEs also promotes allergic sensitization to otherwise innocuous experimental allergens, such as highly purified OVA, and upon subsequent challenge with this same protein, mice develop asthma-like features including airway eosinophilia and neutrophilia. 23, [32] [33] [34] Using this model, we recently found that the neutrophil component of airway inflammation, but not the eosinophilic component, is dependent on TLR4. 35 To investigate potential roles of TRIF in HDE-mediated allergic sensitization, we instilled airways of WT and Trif −/− mice with OVA alone, or OVA mixed with a HDE containing the equivalent of 4 ng LPS/mouse (HDE-1). Asthma-like responses were then elicited in these mice by challenge with aerosolized OVA (Figure 1a ). C57BL/6J mice receiving OVA alone had very few inflammatory cells in the BAL after challenge (Figure 1b ), in agreement with previous reports that an adjuvant is required for effective allergic sensitization. 23, 36 By contrast, C57BL/6J mice sensitized to OVA using HDE-1 as an adjuvant (HDE/OVA), had many eosinophils and neutrophils in the airway following OVA challenge. Age-matched Trif −/− mice sensitized with HDE/OVA and challenged with OVA also had many airway eosinophils, but had markedly fewer airway neutrophils than did WT mice. Thus, Trif is required in this model for neutrophilic responses to allergen challenge. Mice sensitized with HDE-1 alone also developed neutrophilia and eosinophilia, likely in response to allergens present in the extracts. Neutrophilic responses were significantly lower and eosinophilic responses correspondingly higher in the Trif −/− mice compared with WT mice. The requirement of Trif for neutrophil recruitment in this model was not unique to HDE-1 because similar findings were observed when a different HDE, with a much higher concentration of LPS, 50 ng/mouse (HDE-2), was used to sensitize mice to OVA (Supplementary Figure S1b) .
TRIF is required for Th17 responses to inhaled allergen
The reduced neutrophil recruitment to the airways of Trif −/− mice might have been due to an intrinsic defect in the ability of these cells to migrate to the lung, or to perturbation of a pathway upstream of this migration event. To address the first possibility, we instilled the neutrophil recruiting chemokine, CXCL5, directly into the airways of WT and Trif −/− mice and assessed neutrophil accumulation four hours later. WT and Trif −/− mice had similar numbers of neutrophils in BALF (Figure 1c) , ruling out the possibility that Trif expression in these cells is required for their chemotactic responses to chemokines.
We next investigated pathways associated with neutrophil recruitment during adaptive immune responses. Previous studies have shown that airway neutrophilia in mouse models of asthma is closely associated with pulmonary production of IL-17. [11] [12] [13] [14] We therefore measured amounts of this cytokine in the lungs of OVA challenged mice that had previously been sensitized to OVA using either HDE-1 or HDE-2. In each of these experiments, lungs of OVA-challenged Trif −/− mice had significantly less IL-17 than did lungs of similarly treated WT mice (Figure 1d and Supplementary Figure S1c) . By contrast, the amounts of the Th2 signature cytokine, IL-13 were similar in WT and Trif −/− mice. Only low amounts of IFN-γ were seen, but Trif −/− mice had lower amounts of this cytokine in the lung than did WT mice when HDE-1, but not HDE-2, was used as an adjuvant. These observations suggest that at least in these models of asthma, TRIF is primarily required for adaptive immune pathways leading to production of IL-17 in the lung.
In addition to containing LPS and allergens (Supplementary Figure S1d) , HDEs might also contain other microbial products other than LPS that signal through TRIF. To confirm that LPS-mediated allergic sensitization elicits neutrophilic asthma-like responses in a TRIFdependent manner, we compared the abilities of WT and Trif −/− mice to become sensitized to inhaled OVA when LPS is used as an adjuvant. Following instillation of LPS/OVA into the airways to sensitize mice, we elicited allergic airway inflammation by challenging the animals with aerosolized OVA (Figure 2a ). As expected, WT mice developed airway neutrophilia and eosinophilia (Figure 2b ). By comparison, Trif −/− mice had significantly reduced amounts of CXCL5 in the airway (data not shown), very few neutrophils, and a trend towards fewer eosinophils compared with WT mice (Figure 2b ). Thus, in multiple models of allergic pulmonary inflammation, TRIF is critically required for the accumulation of airway neutrophils in response to allergen challenge. Lungs of OVA-challenged Trif −/− mice also had significantly less IL-17 and IL-13 than did lungs of WT mice (Figure 2c ). Very little IFN-γ was seen in either WT or Trif −/− mice. We also studied Myd88 −/− mice and confirmed that they had marked reductions in both eosinophils and neutrophils (Figure 2b ), as well as in all cytokines measured (Figure 2c ), in agreement with previously reported results. 29 Thus, Trif and Myd88 have non-redundant roles in this model of asthma.
We have previously shown using the LPS/OVA model of allergic asthma that conventional αβ TCR + Th17 cells are a major source of IL-17, and that lesser amounts of this cytokine produced by γδ TCR + T cells. 22 To determine if Trif −/− mice have fewer IL-17-containing Th17 cells than WT mice, we sensitized mice with LPS/OVA, prepared CD4 + T cells from their lungs and performed intracellular cytokine staining for IL-17. We found that the percent and total number of Th17 cells in the lungs of Trif −/− mice were reduced compared to those of WT controls (Figure 2d ), indicating that TRIF contributes to the induction of Th17 cells, or to their maintenance in the inflamed lung. By contrast, WT and Trif −/− mice had similar numbers of IL-13-containing Th2 cells (Figure 2e ). These data provide additional evidence that TRIF preferentially promotes Th17 cell accumulation and neutrophil recruitment to the airway in models of asthma.
IL-1β, together with IL-6 and TGF-β, induces the differentiation of Th17 cells from naïve T cells. 37 To determine the role of IL-1β in a model of neutophilic asthma, we studied mice lacking the receptor for this cytokine. After LPS/OVA sensitization and OVA challenge, Il1r −/− mice had markedly fewer neutrophils than did WT mice ( Figure 2f ). Eosinophils were also reduced in Il-1r −/− mice, although less so than were neutrophils. IL-17 was reduced in lungs of Il-1r −/− mice, but IL-13 was not, again suggesting a stronger effect of TRIF on Th17 responses than on Th2 responses.
Analyses of mucus production in the airway did not reveal differences between WT and Trif −/− mice (Supplementary Figure S2 ), in agreement with our previous observation that mice lacking IL-17RA develop strong mucus responses in this model 22 Because previous studies have shown that pulmonary production of IL-17 contributes to AHR, a cardinal feature of allergic asthma, 17, 22, 38 we used invasive measurements of airway resistance to investigate the requirement of TRIF for the development of AHR in the LPS/OVA model of asthma (Figure 2g ). In untreated animals, no differences in methacholine responsiveness were seen between WT and WT and Trif −/− mice. However, after LPS-mediated allergic sensitization and OVA challenge, WT mice developed much stronger responsiveness to methacholine, whereas Trif −/− mice did not. Thus, in addition to its requirement for IL-17 associated neutrophilic inflammation, TRIF is also required for AHR in this model of asthma.
TRIF expression in hematopoietic cells is responsible for neutrophil recruitment to the lung during allergic inflammation
Trif is expressed in a variety of cell types, including radiosensitive antigen-presenting cells such as macrophages and DCs, 27, 39 as well as radioresistant cells that include airway epithelial cells. 40 To identify which of these cell compartments require Trif expression for Th17 development and neutrophil recruitment, we generated reciprocal bone marrow chimera mice using WT and Trif −/− mice as donors and recipients. Following confirmation that donor cells had reconstituted at least 85% of the recipients' immune cells in the blood and lung, we sensitized the animals with LPS/OVA and challenged them with aerosolized OVA. As expected, neutrophils accumulated in the airways of WT mice receiving WT marrow (WT→WT mice) after OVA challenge, but were significantly reduced in Trif −/− →WT mice. In addition, WT→Trif −/− mice had significantly more neutrophils in the airway than dids Trif −/− →Trif −/− mice ( Figure 3a) . Thus, Trif expression in hematopoietic cells is both necessary and sufficient for neutrophilic responses to allergen challenge. No significant differences in eosinophil number were seen among any of the groups, again suggesting that TRIF is not as critical for the accumulation of these cells in the lung as it is for neutrophil recruitment. Analysis of cytokines in lungs of the sensitized and challenged chimeric animals revealed that, like neutrophil accumulation in the airway, IL-17 production is also dependent on Trif expression in hematopoietic cells (Figure 3b ). By contrast, the amounts of IL-5 and IFN-γ in Trif −/− →WT mice were similar to those of WT→WT mice. IL-4 production trended towards and increase in Trif −/− →WT mice, possibly because decreased Th17 development can be counterbalanced by increased IL-4 responses. Taken together, these data indicate that IL-17-associated neutrophilic inflammation in this model of asthma requires Trif expression in radiosensitive hematopoietic cells.
Requirement of TRIF for lung DC migration and upregulation of CD40
The requirement of Trif expression in hematopoietic cells for neutrophilic inflammation suggested that this adaptor protein might be important for the migration or function of lung DCs. These cells take up inhaled allergens, migrate to regional mediastinal lymph nodes (MLNs) and present peptides to naïve T cells in the context of upregulated costimulatory molecules and T cell-activating cytokines. We tested the requirement of TRIF for each of these functions in lung DCs. We first used an established assay to test whether Trif expression is required for DC migration to lung-draining LNs. In this assay, the fluorescent dye, PKH, is instilled into the airways and taken up by DCs so that their migration to regional LNs can be tracked. Unlike CFSE, PKH does not elicit inflammation, and is not carried passively to LNs by lymph. 41 We found that regional LNs of mice that inhaled PKH alone contained a relatively low number of total CD11c + MHC class II hi DCs and migratory PKH + migratory DCs, as would be expected during steady state conditions (Figure 4a ). By contrast, mice that had inhaled an adjuvant, either HDE or LPS, together with OVA and PKH had many more total DCs and migratory DCs in the LNs. Although the numbers of DCs were not statistically different between WT and Trif −/− mice receiving HDE/PKH, Trif −/− mice had a striking and statistically significant reduction in migratory DCs compared with WT mice after LPS/PKH treatment. The latter result suggests that the general decrease in inflammatory cytokines observed in lungs of Trif −/− mice treated with LPS/OVA ( Figure  2c ) is at least partly due to impaired migration of Trif −/− lung DCs during allergic sensitization.
The similar migration of WT and Trif −/− DCs to regional LNs after HDE instillation suggested that a difference between these two strains other than DC migration was likely responsible for the striking decrease in IL-17 in HDE/OVA treated mice (Figure 1d and Supplementary Figure S1c) . To investigate potential mechanisms, we studied display of costimulatory molecules on lung DCs. TRIF is required for LPS-induced upregulation of costimulatory molecules on thioglycollate-elicited peritoneal macrophages, 42 but not on splenic and bone marrow-derived DCs. 43 This suggests that the requirement of TRIF in this regard might depend on the cell type being studied, prompting us to investigate if Trif expression is required for LPS-induced upregulation of costimulatory molecules on lung DCs. To do this, we instilled LPS into the airways of WT and Trif −/− and WT mice and isolated non-autofluorescent, MHC class II hi lung DCs on the following day (Figure 4b) . Analysis of costimulatory molecules by flow cytometry revealed that the mean fluorescent intensity (MFI) of CD80 was similar in Trif −/− and WT DCs (Fig. 4c, d ), but was decreased in Myd88 −/− mice. CD86 was only slightly lower in Trif −/− DCs, whereas the CD40 MFI was significantly decreased in both Trif −/− DCs and Myd88 −/− DCs compared to WT DCs.
Stimulation of CD40 on lung DCs induces Trif-dependent production of Th17 skewing cytokines
DCs instruct T cell lineage development largely through their production of specific cytokines. Th17 development occurs in the presence of TGF-β, and IL-644, 45 and IL-1β amplifies Th17 development. Although IL-23 is dispensable for the induction of Th17 cells, 44 it enhances their longevity and pathogenicity. 46 Activation of CD40 can trigger the production of Th17 promoting cytokines by some types of DCs, 47-51 but lung DCs have not been extensively studied in this regard. The reduced display of CD40 on lung DCs of Trif −/− mice suggested that CD40-mediated production of Th17-promoting cytokines by lung DCs might be impaired. To test this, we prepared total DCs from lungs of WT Trif −/− mice and evaluated their response to stimulation by anti-CD40 antibodies and LPS. This treatment increased production of IL-1β and IL-6 by WT DCs compared with untreated DCs, but failed to significantly increase production of these same cytokines by Trif −/− DCs ( Figure 4e ). This suggests that the reduced display of CD40 on lung DCs from Trif −/− mice limits CD40-dependent production of Th17-promoting cytokines.
CD40L is rapidly upregulated on activated T cells and can trigger cytokine production by DCs through interactions with CD40. 52 To determine if Trif is required for T cell-mediated cytokine production by DCs, we instilled LPS/OVA into the lungs of WT and Trif −/− mice, prepared CD11c + I-A hi DCs and cultured them with naïve, OVA-specific CD4 + T cells. Analysis of Th17 cell-promoting cytokines in the culture supernatants revealed that IL-6 and IL-1β were significantly lower in co-cultures that contained DCs from Trif −/− mice than those than contained WT DCs (Figure 4f ).
Lung DCs from Trif −/− mice have decreased capacity to promote Th17 differentiation
The reduced production of Th17-skewing cytokines by lung DCs from Trif −/− mice suggested these DCs might have a reduced ability to promote Th17 cell differentiation compared with WT DCs. To test this, we instilled OVA/LPS into the airways of WT and Trif −/− mice to allow the protein to be taken up by lung DCs in vivo, purified these cells and cultured them again with OVA-specific, naïve OT-II cells. A high DC: T cell ratio favors Th1 cell development, whereas lower ratios favor Th2 development. 53, 54 We therefore set up cultures with a high DC to T cell ratio (1:1), as well as cultures with a low ratio (1:10). In agreement with previous studies, Th1 cytokines in the culture supernatants were highest in cultures with a high DC: T cell ratio (Figure 5a) . Regardless of the culture conditions, however, DCs from Trif −/− mice were severely compromised in their ability to induce Th1 and Th17 differentiation, whereas Th2 cytokine production was unaffected by the absence of Trif in lung DCs. Intracellular staining confirmed that Th17 cell differentiation was impaired when Trif −/− DCs were used (Figure 5b) . Thus, Trif is required for lung DC-dependent induction of Th1 and Th17 differentiation, but dispensable for Th2 differentiation.
Discussion
A growing body of evidence links Th17 cells and the cytokines they produce with steroidresistant, neutrophilic asthma. 11, 13, 14, 55 Individuals with this form of asthma represent an unmet clinical need, and there is a critical need for novel therapeutic approaches. Although LPS, including inhaled LPS, has been related to the development of Th17 responses, 20, 22, 56 the basis for its potency in this regard has been unclear. A better understanding of LPSinduced Th17 responses might lead to novel interventional strategies. Data from the present study identify a Trif-dependent pathway leading from microbial product recognition to the development of Th17 cells, which are in turn required for neutrophilic inflammation of the airway and AHR. We found that MyD88 and TRIF are each required for the development of Th17 responses to inhaled allergens, suggesting that these two adaptor molecules have one or more unique or synergistic actions that affect the Th17 developmental pathway. This interpretation is consistent with a recent analysis of MyD88-and TRIF-dependent proteins secreted from LPS-activated macrophages. 28 That report revealed that although most proteins require only one of the two pathways for production and/or secretion, other proteins require both adaptors, while still others have a specific requirement for either TRIF or MYD88.
We found that Trif was required for upregulation of CD40 on lung DCs in vivo, and that stimulation of this molecule with either anti-CD40 antibodies or with CD4 + T cells triggered production of the Th17-promoting cytokines, IL-1β and IL-6 ex vivo. In turn, production of IL-1β was required for airway neutrophilia because it failed to develop in Il1r −/− mice. This result suggests a role of the inflammasome and activation of caspase-1, which cleaves the precursor form of IL-1β into its active form. Previous reports have shown LPS can induce Ifn-β expression by a TRIF-and interferon regulatory factor (IRF)-3-dependent mechanism, 57 and we confirmed that Ifn-β is increased by OVA-LPS inhalation in a TRIFdependent manner (unpublished observations). Although Irf-3 mRNA was not increased (unpublished observations), IRF-3 function can be governed by post-translational modifications, including phosphorylation, which directs this protein to the nucleus and might be important in Trif-dependent Th17 induction and neutrophilia. It has also been established that upregulation of costimulatory molecules is at least partly dependent on type I interferons. 42 A plausible role for TRIF in the induction of Th17 responses by LPS might therefore involve sequential activation of IRF-3, induction of type I interferons, upregulation of CD40, and finally release of IL-6 and IL-1β following engagement of CD40 on DCs by CD40L on T cells. We did not detect IL-23 in supernatants of DC cultures, but IRF-3 is reported to bind the human IL-23p19 promoter in monocytes in response to TLR3 signaling. 51 It is therefore possible that TRIF promotes Th17 survival and expansion in vivo by increasing levels of IL-23 in lung DCs or accessory cells.
In addition to promoting IL-1β and IL-6 release by augmenting CD40L/CD40 interactions, TRIF might also contribute to Th17 responses to inhaled allergens by increasing recruitment to the lung of DCs with the potential to drive Th17 cell differentiation. Although similar numbers of CD11b + DCs were seen in the lungs of untreated WT and Trif −/− mice, the latter strain had fewer CD11b + DCs after LPS inhalation (Hsia et al, unpublished observation) . Monocyte-derived, Ly6G + CD14 hi CD11b + inflammatory DCs are rapidly recruited to the lung during acute pulmonary inflammation, including LPS-mediated inflammation, 41, 58 and human inflammatory DCs are reported to induce Th17 differentiation. 59 The monocyteattracting chemokine, CCL12, might be important for this because TRIF is required for secretion of CCL12 by LPS-activated macrophages. 28 Pre-DC-derived CD14 lo CD11b + conventional DCs are also increased in the lungs of mice following LPS inhalation. 41 These DCs are probably similar to CD11b + CD64 − CD24 + conventional DCs that were recently reported to control Th17 responses to Aspergillus fumigatus. 60 Additional studies will be needed to determine if the decreased ability of total lung DCs from Trif −/− mice to promote Th17 differentiation in vitro is due in part to their reduced frequency of CD11b + DCs in those cultures.
We consistently observed striking reductions in the accumulation of IL-17 and neutrophils in lungs of allergen-challenged Trif −/− mice compared with WT mice, regardless of the specific model of asthma employed. In addition, lung DCs from Trif −/− mice were almost totally deficient in their ability to promote Th17 differentiation. Together, these data strongly support a role of TRIF in the induction of Th17 responses to inhaled allergens. Lung DCs from Trif −/− mice were also compromised in their ability to support Th1 differentiation ex vivo, and WT and Trif −/− mice produced similar amounts of IFN-γ in the lung when HDE-1 was used for sensitization, but not when HDE-2 was used. We have not yet investigated if most of the IFN-γ produced in the lung is from Th1 cells, or other cells, such as NK or NKT cells. 61 With regard to the induction of Th2 responses, most of the evidence from the present study indicates that Trif is dispensable. When two different HDEs were used individually to promote allergic responses to OVA, WT and Trif −/− mice produced similar amounts of IL-4 and IL-5 and had similar numbers of eosinophils in the airway. In addition, lung DCs from Trif −/− mice and WT mice were almost identical in their abilities to drive Th2 differentiation ex vivo. These data suggest that Trif expression in DCs is dispensable for Th2 differentiation. However, eosinophil accumulation in the airway and pulmonary production of Th2 cytokines were decreased in Trif −/− mice when LPS was the sole adjuvant used to prime allergic sensitization to OVA. The latter observation was likely due -at least in part -to markedly reduced trafficking of pulmonary DCs to regional LNs of Trif −/− mice following LPS/OVA instillation. A smaller and statistically insignificant reduction in DC migration was observed in Trif −/− mice after HDE/OVA instillation. Together, these data suggest that when LPS is the sole adjuvant in the airway, TRIF signaling is critical to efficient lung DC migration to regional LNs, but that unidentified products in HDEs can promote DC migration in a TRIF-independent manner.
Our finding that TRIF is critical for the development Th17 responses to inhaled allergens is in agreement with a recent report showing that although Trif −/− mice have exacerbated disease in an allergen-induced model of eczema, they have reduced amounts of IL-17A and IL-17F. 62 Conversely, Trif −/− mice have increased IL-17 production and more severe disease in a model of experimental autoimmune encephalomyelitis, 63 and splenic DCs from Trif −/− mice have increased production of cytokines and display of co-stimulatory molecules after stimulation with various TLR agonists. 64 Thus, the impact of TRIF on stimulatory and regulatory pathways might depend on the target organ and animal model used. Additional studies will be required to test this possibility. It will be informative to learn if small molecule mediated inhibition of the TRIF-dependent signaling pathway can reduce Th17 responses to inhaled allergens. Several TRIF-specific inhibitors have already been identified, [65] [66] [67] but the ultimate usefulness of such molecules for treating neutrophilic asthma will depend on whether they are able to attenuate allergen-specific Th17 cell development without inhibiting immune responses required for host defense in the lung or other organs.
Materials and Methods
Animals
Trif-deficient (Trif −/− ) mice were obtained from Shizuo Akira (Osaka University), backcrossed for ten generations to C57BL/6J and maintained as homozygotes. The following strains were purchased from Jackson Laboratories (Bar Harbor, ME): C57BL/6J, Myd88 −/− (B6.129P2(SJL)-Myd88tm1.1Defr/J), Cd45.1 −/− mice (B6.SJL-Ptprca Pepcb/ BoyJ), Il1r1 −/− (B6.129S7-Il1r1tm1Imx/J) and OT-II mice (B6.Cg-Tg(TcraTcrb)425Cbn/J). C57BL/6J used for WT controls were either purchased from Jackson Laboratories and housed for three weeks at National Institute for Environmental Health Sciences (NIEHS), or bred alongside Trif −/− mice. Experimental mice were age and sex matched, and used at 6 to 12 weeks of age in accordance with guidelines provided by the Institutional Animal Care and Use Committee at the NIEHS.
House dust extracts (HDEs)
The two HDEs used in this study have been described previously. 68 Each HDE contains dust mite allergens but with different endotoxin activities. One extract (HDE-1) has an endotoxin activity of 2,000 endotoxin units (EU)/mL (limulus amebocyte lysate [LAL] assay, Lonza, Karlsruhe, Germany), approximately equal to 10 −2 μg LPS/20 μL HDE. The other extract, HDE-2 had an endotoxin activity approximately equal to 10 −1 μg LPS/20 μL HDE. Allergens were measured using a multiplex array for indoor allergens (MARIA) (Indoor Biotechnologies, Charlottesville, VA), according to the manufacturers' instructions.
LPS-and HDE-mediated allergic airway disease
On days 0 and 7, mice were anesthetized with inhaled isoflurane and sensitized by oropharyngeal aspirations 22 of LPS-depleted OVA (catalog no. 321000; BioVendor Inc. Candler, NC) alone or together with either 100 ng of Escherichia coli LPS (catalog no. L2630; Sigma Chemical Co., St. Louis, MO), or together with 20 μl of an HDE. Asthma-like responses were subsequently elicited in sensitized mice by exposing them to nebulized (Ultr-Neb99; DeVilbiss Healthcare, Somerset, PA) 1% OVA (catalog no. A5503; Sigma Chemical Company) in saline. Mice sensitized with HDE/OVA were challenged with OVA for 30 min. on days 14-16, and subjected to bronchoalveolar lavage (BAL) 24 h after the final challenge. Mice sensitized with LPS/OVA were challenged for 1 h on day 14 and harvested 48 post-challenge. Following BAL, the large lobe of the lung was excised, placed into sterile RPMI 1640 containing 10% FBS and OVA (Sigma Chemical Co.) at a concentration of 10 μg/mL and cultured for 24 hours at 37°C with 5% CO 2 . Cell culture fluids were centrifuged, and the supernatants stored at −80°C until analysis. Cytokines were measured using a multiplexed fluorescent bead-based immunoassay (Bio-Plex; Bio-Rad laboratories, Hercules, CA) according to the manufacturer's instructions.
Cellular analysis
Differential analysis of cells in BAL fluid (BALF) was performed as described previously. 69 For analyses of intracellular cytokines, cells were stimulated with 50 ng/ml phorbol myristate acetate (PMA) and 500 ng/ml ionomycin (Sigma) for 4 hours prior to staining, and incubated with GolgiStop during the last 3 hours of stimulation. Cells were fixed and permeabilized using Cytofix/Cytoperm (BD Biosciences), then stained with the antibodies against IL-13 (eBio13A, eBiosciences, San Diego, CA), and IL-17 (clone eBio17B7, eBioscience, or clone TC11-18H10, BD Biosciences, San Jose, CA). Stained cells were acquired on a fluorescence-activated cell sorting LSRII flow cytometer using Diva software (BD Biosciences), and the data were analyzed with FlowJo software (Tree Star, Ashland, OR).
Histology
Lungs were fixed in 10% formalin and embedded in paraffin. Left lobe longitudinal sections 5-7 μm thick were stained with Alcian Blue together with Periodic acid-Schiff (AB/PAS), visualized with an Olympus BX51 microscope and photographed using an Olympus DP70 digital camera.
AHR analysis
For AHR evaluation, mice were anesthetized by intraperitoneal (i.p.) injection with urethane (1.5 g/kg), paralyzed by i.p. injection with pancuronium bromide (0.8 mg/kg), and intubated. AHR was analyzed using the FlexiVent mechanical ventilator system (Scireq; Montreal, Quebec, Canada) as previously described. 22 We measured total respiratory resistance and report peak values.
Generation of reciprocal bone marrow chimeric mice
WT [CD45.1] and Trif −/− [CD45.2] mice were used so that donor and host cells could be distinguished from one another. Recipient mice were lethally irradiated using a Cesium irradiator (9.25 Gy over 12 min.), and were injected i.v. with 10 7 bone marrow cells. At 13 weeks post-irradiation, antibodies against CD45.1 (A20) and CD45.2 (104) were used to assess donor engraftment in T cells (anti-CD3), B cells (anti-CD19; 6D5), myeloid cells anti-CD11b (M1/70), and DCs and alveoloar macrophages (anti-CD11c; N418 and HL3), BD Biosciences, BioLegend and eBioscience, San Diego, CA. At least 85% reconstitution was observed for each cell population tested.
Analysis of lung DCs
Lung DC migration assays using PKH as a fluorescent tag were done as described previously. 41 To analyze costimulatory molecules on lung DCs, mouse airways were instilled with OVA plus LPS, and the animals euthanized 16 h post-treatment with an overdose of pentobarbital sodium. Following perfusion of the pulmonary vasculature with PBS, lungs were excised and placed in ice cold PBS containing 0.5% BSA. DCs from minced and digested lung tissue were isolated as previously described 70 and stained with antibodies against I-A b and CD11c. For analysis of co-stimulatory marker expression, DCs were evaluated by flow cytometry using antibodies against the following molecules: I-A b (AFb.120) CD103 (M290), CD11c (N418), CD11b (M1/70), CD40 (Ic10), CD80 (16-10A1), and CD86 (GL1), BD Biosciences, BioLegend and eBioscience, San Diego, CA.
Isolation and culture of lung DCs
Mouse airways were instilled with PBS, or LPS-free OVA plus 100 ng LPS. At 16 hours post-treatment, non-autofluorescent, CD11c + I-A b hi DCs were isolated as described above and sorted on a FACS Aria (BD Biosciences, San Diego, CA). For CD40 stimulation, lung DCs were plated at a concentration of 125,000 cells/200 μl in a 96 well plate with or without LPS (100 ng/mL) and 10 ug/mL plate bound anti-CD40 (FGK45.5; eBioscience). Cells were incubated overnight at 37°C and supernatants were collected and analyzed for cytokines as described above. For DC/T cell co-cultures, DCs were cultured together with naïve T cells prepared from the spleen and lymph nodes from OT-II donor mice as described previously. 70 Supernatants were collected after 6 days of culture and analyzed for production of DC and T cell specific cytokines as described above.
Statistical analysis
Statistical analyses were performed using Prism software (GraphPad Software). Data are expressed as mean ± SE. When two group comparisons were made, the Student's t test was used. A repeated measures analysis of variance (ANOVA) with the Bonferroni post hoc test was used to determine differences in AHR. Prior to any statistical analyses, outliers were excluded using the Grubb's test. Each figure legend specifies the number of samples for the experiments and the level of significance of each indicated comparison. P values of less than 0.05 were considered statistically significant.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Trif-dependent induction of Th17 differentiation by lung DCs. Cytokine production (a) and intracellular staining (b) of OT-II CD4+ T cells, following their culture for 6 days with lung DCs of WT and Trif −/− mice that had previously inhaled LPS/OVA. *P < 0.05. Data shown are combined from two independent experiments, N = 3-5.
